Abstract. The prognosis of patients with metastatic osteosarcoma is poor and has shown no significant improvement in nearly 20 years. The human epidermal growth factor (EGF) receptor (HER) family is frequently overexpressed in the majority of human carcinomas, and is involved in promoting the proliferation and survival of cancer cells. However, the role of EGFR and HER-2 expression in osteosarcoma survival remains controversial and no previous study has simultaneously investigated the association of the expression of all the four HER family members with the prognostic significance of osteosarcoma. Therefore, the present study investigated the expression levels of the complete members of the HER family in osteosarcoma specimens, as well as their associations with the clinicopathological parameters, progression-free survival (PFS) and overall survival (OS) time of patients with osteosarcoma. The expression of HER family members was detected in osteosarcoma tumor specimens from 60 patients using immunohistochemistry. The association of the expression of HER receptors in osteosarcoma with clinicopathological parameters was analyzed using χ 2 test and Fishers exact test. Survival analyses were evaluated by Kaplan-Meier method and Cox proportional hazards regression model. Overall, 18 (30%), 13 (22%), 23 (38%) and 19 (32%) patients presented with high expression of EGFR, HER-2, HER-3 and HER-4, respectively, and the co-expression of 2, 3 and all 4 members of the HER family was observed. High expression of EGFR and HER-4 was associated with distant metastasis. High HER-3 expression was significantly associated with an advanced Enneking stage and distant metastasis. Multivariate analysis
Introduction
Osteosarcoma is the most common primary malignant bone tumor, particularly among children and adolescents (1) . The estimated incidence rate is 5 per million per year. With the introduction of adjuvant and neo-adjuvant chemotherapy into multimodal therapies, the 5-year survival rate for patients with localized osteosarcoma was improved to 60-70%. However, the 5-year survival rate for patients with metastatic disease or relapse is only 20%, and the current treatment strategies have a limited efficacy (2) . Therefore, it is essential to identify more efficient prognostic factors to develop innovative and promising therapeutics, so as to further improve the prognosis of patients with osteosarcoma.
It has long been established that the human epidermal growth factor (EGF) receptor (HER) family is frequently overexpressed in the majority of human carcinomas (3) . Comprised of EGFR, HER-2, HER-3 and HER-4, the family makes homodimers or heterodimers to form EGFRs. Aberrant receptor activation is involved in the improvement of the proliferation and survival of cancer cells (4) .
The overexpression of EGFR in 50-70% of lung, colon and breast carcinoma cases contributes to cell proliferation, cell cycle progression and survival (5) . High levels of EGFR are also associated with bone metastasis (6) and a poor prognosis in human cancer cases (7) . Aberrant expression of EGFR has been reported in osteosarcoma. However, EGFR immunohistochemistry studies on osteosarcoma have revealed discrepancies ranging from no prognostic value to a good clinical outcome (8) (9) (10) . HER-2 has been known to be overexpressed in 20-25% of all ovarian and breast cancer cases, in 35-45% of all pancreatic adenocarcinomas and in up to 90% of colorectal carcinomas (11) . Overexpression of HER-2 may serve a role in high-grade osteosarcoma (12) . However, favorable, unfavorable and no independent prognostic significances for HER-2 expression in osteosarcoma have been detected (13) (14) (15) . The prognostic value of HER-2 remains controversial, and the efficacy of HER-2-targeting therapy in the osteosarcoma patient population has not been established (16) . Increased expression of HER-3 protein has been reported in 50-70% of human breast cancer cases, and it appears to be associated with tumor size, metastasis and recurrence (17) . Whereas the majority of studies observed a negative expression pattern for HER-3 across osteosarcoma cell lines and tumor specimens (18, 19) , one previous study showed that HER-4 was involved in the tumorigenicity of osteosarcoma cells as a protective factor against various extracellular apoptotic stimuli (20) . The associations of HER-3 and HER-4 expression with the survival rate of osteosarcoma patients thus require further investigation.
Prognostic significance of the expression of HER family members in primary osteosarcoma
To the best of our knowledge, thus far, there have been no comprehensive studies on the expression of all four members of the HER family and their associations with the prognosis of patients with osteosarcoma. Therefore, the aim of the present study was to investigate the expression levels of the complete members of the HER family, as well as their co-expression in osteosarcoma specimens from 60 patients. In addition, any associations of the expression of the HER family members with clinicopathological parameters, progression-free survival (PFS) and overall survival (OS) time in patients with osteosarcoma were evaluated.
Patients and methods

Patients.
A total of 72 patients with primary osteosarcoma who underwent surgical resection at the Department of Orthopedics, The First Affiliated Hospital of Fujian Medical University (Fuzhou, Fujian, China) between January 1, 2008, and December 31, 2013, were selected retrospectively. Of these, 12 cases with distant metastases at diagnosis or those with defective clinical data were excluded. The present study was approved by the Institutional Review Board of The First Affiliated Hospital of Fujian Medical University, and the protocols conformed to the ethical guidelines of the Declaration of Helsinki. All participants involved in this study provided written informed consent. The patients' medical records, including sex, age at diagnosis, primary tumor size and location, histological subtype, Enneking stage (21) and distant metastasis status were reviewed. All patients received the standardized preoperative neoadjuvant chemotherapy and postoperative chemotherapy for six courses of treatment. Chemotherapy treatment was performed with doxorubicin (60-80 mg/m 2 , intravenous drip for 3 days), cisplatin (100 mg/m 2 , intravenous drip over one day) and ifosfamide (8-12 mg/m 2 , intravenous drip for 5 days) twice prior to the operation and 4 times following the operation. Ifosfamide was replaced with methotrexate (8-12 mg/m 2 , intravenous drip over one day) if the tumor necrosis rate was <90%. The 60 formalin-fixed and paraffin-embedded surgical tumor samples were obtained from the archives of the Department of Pathology (The First Affiliated Hospital of Fujian Medical University) for immunohistochemical staining.
The study cohort consisted of 39 men and 21 women with a mean age of 24 years (range, 4-55 years). A total of 25 patients presented with a primary tumor size of <5 cm and 35 patients with a tumor size of ≥5 cm. Stage I-IIA disease was diagnosed in 16 tumors, and stage IIB in 44 tumors, according to the Enneking staging system. The location of the tumor was the distal femur in 22 patients; shaft of femur in 9 patients; proximal tibia and humerus in 6 patients each; pelvis and distal radius in 4 patients; and proximal femur, scapula and maxilla in 3 patients. Histological subtypes were osteoblastic in 41 tumors, chondroblastic in 8, fibroblastic in 6 and special types including telangiectatic in 3 and small cell type in 2. Subsequent to surgical resection, all patients were monitored by X-ray, lung CT scans and/or bone scanning every 3 months during the first 3 years and every 6 months thereafter, in order to evaluate the development of local recurrence and distant metastases. PFS time was defined as the interval between the date of diagnosis and first tumor progression or the last follow-up. OS time was defined as the interval between diagnosis and mortality or the last follow-up. The mean follow-up time was 44.9 months (range, 13-86 months). Among the 60 patients, 21 succumbed to osteosarcoma, 27 patients showed no evidence of disease and 12 remained alive with disease at the last follow-up.
Immunohistochemistry. Archival osteosarcoma specimens resected following neoadjuvant chemotherapy were examined for the expression of all four HER family members by immunohistochemical analysis, and 60 corresponding osteochondroma tissues were used as controls. All specimens were fixed in 10% formalin for 24-48 h at room temperature, embedded in paraffin, serially sectioned (4-µm thick), and stained with hematoxylin (room temperature for 10 min) and eosin (room temperature for 1 min) for histological observation under a light microscope (magnification, x200). The PV9000 immunohistochemical kit (Origene Technologies, Inc., Beijing, China) was used to perform the two-stage immunohistochemical method. Subsequent to incubation for 1 h at 60˚C, the tissue sections were deparaffinized, dehydrated and incubated with 3% hydrogen peroxide for 10 min at room temperature to block endogenous peroxidase activity. During antigen retrieval process, the sections were microwaved in citrate buffer (pH 6.0) for 2 min and then naturally cooled to room temperature. The sections were then immunostained with anti-EGFR (rabbit monoclonal EP38Y; cat no. ab52894; 1:50 dilution), anti-HER-2 (mousemonoclonalHRB2/451; cat no. ab187288; 1:100 dilution), anti-HER-3 (mouse monoclonalRTJ2; cat no. ab20161; 1:50 dilution) or anti-HER-4 (mouse monoclonal5G6B4; cat. no. ab204959; 1:50 dilution) (all Abcam, Cambridge, MA, USA) and incubated overnight at 4˚C. Next, the sections were incubated with Polymer Helper reagent (Origene Technologies, Inc.) for 20 min at 37˚C and rinsed with phosphate-buffered saline (PBS). The sections were then incubated with poly peroxidase-anti-mouse/rabbit IgG (part of the PV9000 kit; ready-to-use dilution) for 20 min at room temperature. Subsequent to being washed again, the sections were stained with diaminobenzidine (both Origene Technologies, Inc.) for 3-5 min at room temperature, counterstained with hematoxylin for 2 min at room temperature, dehydrated, and mounted. Negative (PBS rather than primary antibodies) and known positive controls (esophagus carcinoma tissue for EGFR; breast carcinoma tissue for HER-2; oral carcinoma tissue for HER-3 and HER-4) were stained in parallel with each set of sections studied.
Observation indices and result determination.
Two pathologists participated in the staining assessment of tumor specimens independently. EGFR-positive and HER-2-positive cells were those with specific brown particles in the cytoplasm or cytomembrane. Cells with brown-stained cytoplasmic or nuclear particles were determined as HER-3-positive or HER-4-positive cells. Expression was scored according to the intensity of staining of tumor cells from 0 to 3 as follows: 0, negative; 1, weakly positive; 2, moderately positive; and 3, strongly positive. The mean percentage from 10 random high-power fields of staining of positive tumor cells was also scored from 1 to 3 as follows: 1, <25%; 2, 25-75%; and 3, >75%. For statistical analysis, the final score was calculated by the product of the density and the percentage of positive staining tumor cells, including scores 0, 1, 2, 3, 4, 6 and 9. Scores >2 were defined as high expression, while scores ≤2 were considered as low expression (22).
Statistical analysis.
The associations between HER family expression and clinicopathological parameters, including sex, age, tumor size, tumor location, histological subtype, Enneking stage and distant metastasis, were analyzed using the χ 2 test and Fisher's exact test. The correlation between the expression of HER family members was investigated using Spearman's rank coefficient, and the difference between them was assessed by Friedman test, with the box-plot obtained using GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, CA, USA). Survival analysis was performed using the Kaplan-Meier method, and differences in survival distributions were compared by the log-rank test. The Cox proportional hazards regression model was adopted to perform multivariate survival analysis for the expression of HER family members that was found to be significant in the univariate analysis (23) . All statistical analyses were performed using SPSS 19.0 software (IBM, Corp., Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Immunohistochemical expression of HER family members in osteosarcoma.
Of the 60 osteosarcoma patients,18 (30%), 13 (22%), 23 (38%) and 19 (32%) cases presented with EGFR, HER-2, HER-3 and HER-4 high expression, respectively, the expression rates of which were significantly higher than those of osteochondroma (Table I) . EGFR was predominantly membranous, with some cytoplasmic staining. HER-2 demonstrated a cytoplasmic staining pattern. HER-3 and HER-4 demonstrated nuclear and cytoplasmic immunostaining (Fig. 1). Fig. 1I shows the median score of HER expression (the horizontal line), the inter-quartile range (the box), and the minimum and maximum values (the whiskers) (24) . Since the final scores, including 0, 1, 2, 3, 4, 6 and 9, were of skewed distribution, large error bars are present in this figure. There was no significant difference among the expression levels of the HER family members (P>0.05, Friedman test). The present study investigated the co-expression of 2, 3 and all 4 members of the HER family in osteosarcoma cases, which were not found in osteochondroma cases. Among which, the expression rates of EGFR/HER-2, EGFR/HER-3, HER-2/HER-3 and HER-3/HER-4 between the two groups were statistically different. EGFR, HER-2, HER-3 and HER-4 were all expressed together in only 1 case of osteosarcoma (Table I) . There was no correlation among the expression levels of the HER family members, as determined using the Spearman's rank correlation in this study (Table II) . (Table IV) . Upon multivariate analysis with adjustment for tumor size, surgical stage and distant metastasis, the levels of EGFR, HER-3, HER-4, EGFR/HER-3, EGFR/HER-4 and HER-3/HER-4 were found to be independent predictors of poor PFS and OS time of osteosarcoma patients (Table IV) . In patients with stage IIB disease only (n=44), which was the predominant surgical stage of primary osteosarcoma, univariate analysis demonstrated that EGFR (P<0.001), HER-3 (P= 0.002), HER-4 (P= 0.002; Fig. 3A) , EGFR/HER-3 (P<0.001), EGFR/HER-4 (P<0.001; Fig. 3B ), HER-2/HER-4 (P= 0.007) and HER-3/HER-4 (P<0.001), as well as tumor size and distant metastasis were associated with worse PFS time. Finally, upon multivariate analysis, EGFR, HER-4, EGFR/HER-3 and EGFR/HER-4 showed greater effects on PFS time in osteosarcoma patients with stage IIB than stage I-IIB (Table IV) . With regard to OS time, EGFR (P= 0.001), HER-4 (P= 0.011; Fig. 3C ), EGFR/HER-3 (P= 0.004), EGFR/HER-4 (P<0.001; Fig. 3D ), HER-2/HER-4 (P= 0.022) and HER-3/HER-4 (P= 0.003) were also significant predictors in univariate analysis. Multivariate analysis suggested that HER-4, EGFR/HER-4, and HER-3/HER-4 had greater effects on OS time in osteosarcoma patients with IIB than stage I-IIB (Table IV) (25) . However, the three aforementioned receptors were verified to exhibit no statistical significance upon a different multivariate analysis including all variables (data not shown). Consequently, the survival analyses did not cause bias to the results.
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Discussion
Previous studies on EGFR and HER-2 expression in osteosarcoma have created controversy over their roles in osteosarcoma survival (9, 10, 14, 15) . Furthermore, no previous study has simultaneously investigated the associations between the expression of all four members of the HER family and their prognostic significance in osteosarcoma. In the present study, the high expression levels of EGFR, HER-2, HER-3 and HER-4, and the co-expression of 2, 3 and all 4 members of the HER family were identified. Furthermore, EGFR, HER-3 and HER-4 expression, as well as the expression of EGFR/HER-3, EGFR/HER-4 and HER-3/HER-4 were found to be independent prognostic factors of poor PFS and OS time in stage I-IIB osteosarcoma. The expression of HER-4 and EGFR/HER-4 had more significant impacts on PFS and OS time in osteosarcoma patients with stage IIB disease than in those with stage I-IIB.
The present results showed high EGFR expression with membranous and some cytoplasmic staining, which Table III . Associations between HER family member expression and clinicopathological characteristics. Clinicopathological  HE  LE  HE  LE  HE  LE  HE  LE  data Cases, n (n=18) (n=42) P-value (n=13) (n=47) P-value (n=23) (n=37) P-value (n=19) (n=41) P-value was significantly associated with poor survival, indicating the involvement of EGFR in the development of osteosarcoma. Probably due to the small sample size and selection bias, studies by Do et al (8) and Lee et al (9) did not find a similar association. Kersting et al (10) observed an association between EGFR expression and a favorable clinical outcome. However, the efficacy of EGFR-targeting agents (cetuximab) in the management of osteosarcoma does not support this conclusion (26) . Interplay of heterodimers of the HER may not explain the unexpected finding either, since EGFR/HER-3 and EGFR /HER-4 were found to be associated with the poor survival of patients with osteosarcoma in the present study. Tumors initially sensitive to anti-EGFR agent, such as cetuximab, often develop resistance. Compensatory HER-3/PI3K/AKT signaling has been confirmed as vital in the development of acquired resistance to EGFR inhibitors (27) . Dimerization of HER-4 with EGFR is a crucial step to stimulate the HER-4 receptor. Interactions between EGFR and HER-4 regulate stretch-induced differentiation of fetal lung cells via the ERK pathway (28) . In addition, a previous study showed that co-expression of EGFR and HER-4 contributed to neoplastic transformation, and was demonstrated to predict the invasion and poor clinical outcomes of oral squamous cell carcinoma (29) . The present results supported the potential of EGFR within dual targeting therapy, such as combined treatment with MEHD7945A (27) , for refractory osteosarcoma in the future. The expression rate of HER-2 ranges from its detection in 4 to 71.9% of patients (12, 15, 30) to the absence of expression (31), as determined by previous studies. These conflicting results may be due to differences in technical method, specimen treatment, antibodies used or results interpretation. The present results revealed a HER-2 cytoplasmic staining pattern in 13 (22%) osteosarcoma samples, with no prognostic significance, which is supported by previous studies (13, 32) . Scotlandi et al (33) observed no therapeutic effectiveness for trastuzumab-driven therapy in osteosarcoma. Since trastuzumab targets the extracellular domain of HER-2, incomplete membranous immunoreactivity for HER-2 may induce resistance to trastuzumab-driven therapy (34) . Lapatinib potently and reversibly binds to the intracellular domains of HER-2, and has been proven to alter the malignant phenotype Table IV . Univariate and multivariate analyses of variables with regard to survival of osteosarcoma patients.
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Multivariate analysis
Multivariate analysis ------------------------------------------------------------------ of osteosarcoma cells (35) . Thus, lapatinib is supported as a promising chemotherapeutic agent for the treatment of osteosarcoma. Nevertheless, the correlation between the expression of HER-2 and cancer regulation molecules, including tumor protein p53 or retinoblastoma protein, and associated signaling pathways should be confirmed in future studies. In the present study, HER-3 demonstrated high expression in 23 cases (38%), with a nuclear and cytoplasmic staining pattern, which is different from the majority of previous studies observing negative expression for HER-3 in osteosarcoma cell lines and tumor specimens (18, 19) . The unfavorable prognostic role of HER-3 expression in osteosarcoma investigated in the present study may be explained by the two following mechanisms. Firstly, downregulation of HER-3 contributes to early osteoblast differentiation of mesenchymal stem cells through increased Wnt/β-catenin signaling (36) . However, the absence of nuclear β-catenin staining and Wnt-luciferase activity have been found in the biopsies and cell lines of osteosarcoma. Therefore, HER-3 overexpression-induced inactivation of the Wnt/β-catenin pathway activity, which is required for osteoblast differentiation, may contribute to osteosarcoma development (37) . Secondly, overexpression of microRNA (miR)-3928, which targets the HER-3 gene, induces cell apoptosis and inhibits tumor growth. HER-3 overexpression induced by the downregulated expression of miR-3928 in osteosarcoma may be another factor promoting cell proliferation and tumor growth (38) . HER-3/HER-4 expression was also found to be significantly associated with worse PFS and OS time in the present study. HER-3 and HER-4 were significantly co-expressed in a large fraction of tumors (39) and the co-expression pattern may represent a crucial intracellular molecular switch in breast carcinogenesis (40) . Agents trapping HER-3 in the inactive conformation may provide an effective therapeutic strategy for osteosarcoma patients.
Nuclear localization of HER-4 antigen in osteosarcoma tumor specimens in the present study was generally concordant with the protein expression measured by Hughes et al (19) . The cleavage of HER-4 by ligand binding leads to a Mr 80,000 fragment of HER-4 translocation to the nucleus (41). The nuclear pattern of HER-4 expression observed by the present study suggested an activated state. Upregulated HER-4 expression in non-adherent tumor spheroids of osteosarcoma contributes to the tolerance to anoikis, serum starvation and chemotherapy resistance via regulating the survival pathway of osteosarcoma under various cellular stress conditions (20) . HER-4 signaling is the key backup mechanism contributing to acquired resistance to HER-targeted therapies, and knockdown of HER-4, but not HER1-3, led to apoptosis in resistant breast cancer cells (42) . The noticeable adverse effect of HER-4 expression on the survival of osteosarcoma patients with stage I-IIB and stage IIB disease investigated in the present study confirms the significant contribution of HER-4 to osteosarcoma pathogenesis and outcome. Thus, pan-HER, particularly HER-4-targeted inhibitors, may provide an insight into the treatment of resistant osteosarcoma.
Certain limitations should be considered in the present study. First, due to the retrospective nature of this study, selection bias may have existed when collecting patient information; a possibly randomized and prospective study would further clarify the prognostic role of HER receptors in osteosarcoma. Second, the application of immunohistochemistry and semi-quantitative measures for the assessment of HER expression is somewhat subjective and imposes limitations. The present findings should promote further investigation into the quantitative analysis of the receptors and associated molecular mechanisms using fresh osteosarcoma specimens or cell lines. Third, the study cohort included a relatively small number of patients, and the follow-up to evaluate the patient survival was relatively short; further large-scale research and a longer follow-up time would offer more convincing evidence in the future.
In conclusion, the present study demonstrated that the expression of EGFR, HER-3 and HER-4 together with the heterodimerization of EGFR/HER-3, EGFR/HER-4 and HER-3/HER-4 may contribute significantly to the unfavorable clinical outcome of osteosarcoma patients. Therapies targeting EGFR, HER-3 and HER-4 may provide promising strategies for treating primary osteosarcoma, if these results are confirmed by larger multicenter clinical studies.
